The divinylphenylene-bridged diruthenium complexes (E,E)-[{(P i Pr 3 ) 2 (CO)ClRu} 2 (µ-HCdCHC 6 H 4 CHd CH-1,3)] (m-2) and (E,E)-[{(P i Pr 3 ) 2 (CO)ClRu} 2 (µ-HCdCHC 6 H 4 CHdCH-1,4)] (p-2) have been prepared and compared to their PPh 3 -containing analogues m-1 and p-1. The higher electron density at the metal atoms increases the contribution of the metal end groups to the bridge-dominated occupied frontier orbitals and stabilizes the various oxidized forms with respect to those of m-1 and p-1. This has been confirmed and quantified electrochemically, because the two reversible oxidation waves were observed at considerably lower potentials than for the PPh 3 complexes. Owing to their greater stability, the one-and two-electronoxidized forms m-2 n+ and p-2 n+ of both complexes could be generated and spectroscopically characterized inside an optically transparent thin layer electrolysis cell. UV/vis/near-IR and ESR spectroelectrochemistry indicates that the oxidation processes are centered at the organic bridging ligand. σ-Bonded divinylphenylenes thus constitute an unusual class of "noninnocent" ligands for organometallic compounds. Electronic transitions observed for the mono-and dioxidized forms closely resemble those of donorsubstituted phenylenevinylene compounds, including oligo(phenylenevinylenes) (OPVs) and poly-(phenylenevinylene) (PPV) in the respective oxidation states. Strong ESR signals and nearly isotropic g tensors are observed for the monocations in fluid and frozen solutions. The metal contribution to the redox orbitals is illustrated by a shift of the CO stretching bands to notably higher energies upon stepwise oxidation. The shifts strongly exceed those observed for the PPh 3 containing, six-coordinated species (E,E)-[{(PPh 3 ) 2 (CO)Cl(L)Ru} 2 (µ-HCdCHC 6 H 4 CHdCH)] n+ (L ) substituted pyridine). IR spectroelectrochemistry reveals the presence of two electronically different transition-metal moieties in m-2 + , while they resemble each other more closely in p-2 + . Differences in electronic coupling are illustrated by the charge distribution parameters calculated from the spectra. Bulk electrolysis experiments confirm the results from the in situ spectroelectrochemistry and the overall stoichiometry of the redox processes. Quantum-chemical calculations were performed in order to provide insight into the nature and composition of the frontier orbitals. The electronic transitions observed for the neutral forms were assigned by TD DFT. IR frequencies calculated for m-2 and p-2 in their various oxidation states retrace the experimental observations. They fail, however, in the case of m-2 + , where a symmetrical structure is calculated, as opposed to the distinctly asymmetric electron distribution observed by IR spectroscopy. Geometryoptimized structures were calculated for all accessible oxidation states. The structural changes following stepwise oxidation agree well with the experimental findings: e.g., a successive low-energy shift of the CdC stretching vibration of the bridge. The radical cation m-2 + displays a broad composite electronic absorption band at low energy that extends into the mid-IR region.
Introduction
Complexes in which two redox-active transition-metal moieties are linked together by an unsaturated conjugated bridging ligand have received great interest, first as a testing ground for all aspects related to intramolecular electron transfer and then as models for and principal constituents of possibly conducting molecule-based "wires". In adhering to this picture, the redoxactive end groups are mostly viewed as the voltage source or drain, while the bridge serves as the conduit. The voltage gradient is then established by oxidizing or reducing one of the terminal redox sites, thus generating a mixed-valent state. 1 Here it is possible to probe the degree of electron delocalization and the rate at which the odd electron and the charge generated during the redox process are transmitted between the end groups. This can be done by analyzing ESR hyperfine splitting involving active nuclei in the bridge or at the metal centers, by investigating the redox-induced changes in the shifts and band patterns of charge-sensitive infrared-or Raman-active functions which accompany electron transfer in vibrational spectroscopy, or by analyzing the typical intervalence charge transfer (IVCT) bands which often appear in the low-energy end of the visible region or the near-IR region.
Highly unsaturated hydrocarbon bridges offer an extended π-system and have been recognized as particularly effective coupling units. A vast number of oligoynediyl-and diethynylarylene-bridged dimetal complexes have thus been synthesized and investigated. Oligoenediyl bridges, though less well precedented, are also efficient electronic coupling units with sometimes even better performances than their oligoynediyl counterparts. 25, 26 Efficient electronic coupling usually requires that the unsaturated bridge contribute to the singly occupied MO (SOMO). The bridge thus constitutes an integral part of the entire redox system. C 4 -bridged dimetal complexes provide particularly instructive examples, and redox-induced interconversions between dimetal butadiynediyl and butatrienylidene or between butatrienylidene and ethynylbis(carbyne) binding motifs are known, depending on the electron count of the metal. 2,3,5,7,20,22,27-32 However, despite large contributions of the bridge, the redox processes in these systems are clearly dominated by the metal.
We have recently observed that the divinylphenylene-bridged diruthenium complex (E,E)-[{(PPh 3 ) 2 (CO)Cl(4-EtOOCpy)Ru} 2 -(µ-HCdCHC 6 H 4 CHdCH-1,3)] and its mononuclear styryl derivative constitute examples where the redox processes are dominated by the unsaturated organic ligand. Further investigations have shown that this holds irrespective of the complexes' topology: i.e., for both the 1,3-and the 1,4-isomers. 33 As a consequence of the largely ligand-centered oxidations, none of these complexes exhibited any IVCT band in its monooxidized, formally mixed-valent state. Quantum-chemical calculations suggest that the occupied frontier orbitals correspond to antibonding interactions between higher lying, nearly degenerate π levels of the bridge and lower lying metal d π orbitals. It thus seemed logical to increase the energies of the d energy levels of the metal in order to seek for a more balanced electron distribution within these systems. We herein show that changing the {Ru(PPh 3 ) 2 L} moieties to {Ru(P i Pr 3 ) 2 } induces a higher metal character of the frontier orbitals. The Ru(P i Pr 3 ) 2 (CO)Cl group stabilizes the oxidized forms to such a degree that even the dications could be conveniently studied by vibrational and electronic spectroscopy.
Experimental Section
All manipulations were performed by standard Schlenk techniques under an argon atmosphere. Solvents were dried by standard procedures and degassed by saturation with argon prior to use. Ether employed in the washing process was saturated with argon but otherwise used as received. Infrared spectra were obtained on a Perkin-Elmer Paragon 1000 PC FT-IR instrument. 1 H (250.13 MHz), 13 C (62.90 MHz), and 31 P NMR spectra (101.26 MHz) were recorded on a Bruker AC 250 spectrometer as CDCl 3 solutions at 303 K or in the solvent indicated. The spectra were referenced to the residual protonated solvent ( 1 H), the solvent signal itself ( 13 C), or external H 3 PO 4 ( 31 P). If necessary, the assignment of 13 C NMR spectra was aided by DEPT-135 experiments. UV/vis spectra were obtained on an Omega 10 spectrometer from Bruins Instruments in HELMA quartz cuvettes whith 1 cm optical path lengths or on a J&M TIDAS diode array spectrometer. The ESR equipment consisted of a Bruker ESP 3000 spectrometer equipped with an HP 5350 B frequency counter, a Bruker ER 035 M NMR gaussmeter, and an ESR 900 continuous flow cryostat from Oxford Instruments for low-temperature work. Elemental analyses (C, H, N) were performed at in-house facilities. The equipment for voltammetric and spectroelectrochemical studies and the conditions employed in this work were as described elsewhere. 34 The cell used in quantitative coulometry experiments was a home-built three compartment H-cell with a 3.5 cm diameter Pt/Ir alloy basket as the working electrode and a smaller 1 cm diameter basket as the counter electrode. A silver plate was used as the reference electrode. The electrodes are welded to platinum wires (Supratronic), and the platinum wires are welded to wires manufactured of Vakon alloy; these in turn were sealed into 10 mm diameter glass tubes. The electrodes were inserted into the cell via standard joints and fixed by using Quickfit seals. The cell can be attached to a Schlenk line through a joint attached to the central working electrode compartment and charged via inlets on top of each compartment. Individual compartments are separated via medium-porosity frits. substituted models m-2 Me n+ and p-2 Me n+ (n ) 0-2) instead of the P i Pr 3 complexes. The ground-state electronic structure was calculated by density functional theory (DFT) methods using the ADF2005.01 35, 36 and Gaussian 03 37 program packages. Within ADF, Slater type orbital (STO) basis sets of triple-quality with polarization functions were employed, with the exception of the CH 3 substituents on the P atoms, which were described by using a double-basis. The inner shells were represented by a frozen-core approximation: i.e., 1s for C and N, 1s-2p for P and Cl, and 1s-3d for Ru were kept frozen. The calculations were done with a functional including Becke's gradient correction 38 to the local exchange expression in conjunction with Perdew's gradient correction 39 to the local correlation (ADF/BP). The following density functionals were used within ADF: a local density approximation (LDA) with VWN parametrization of electron gas data and a functional including Becke's gradient correction 38 to the local exchange expression in conjunction with Perdew's gradient correction 39 to the LDA expression (ADF/BP). The scalar relativistic (SR) zero-order regular approximation (ZORA) 40 was used within this study. The g tensor was obtained from a spin-nonpolarized wave function after incorporating the spin-orbit (SO) coupling by first-order perturbation theory from the ZORA Hamiltonian in the presence of a time-independent magnetic field. 41, 42 Within G03 calculations the quasirelativistic effective core pseudopotentials and the corresponding optimized set of basis functions for Ru 43 and 6-31G* polarized double-basis sets 44 for the remaining atoms were employed together with the B3LYP 45 
Results and Discussion
Synthesis and Characterization. The dinuclear divinylphenylene-bridged complex {(P i Pr 3 ) 2 (CO)ClRu}(µ-CHdCHC 6 -H 4 HCdCH-1,3) (m-2) and its 1,4-isomer p-2 (see Chart 1) were readily prepared by reacting the hydride HRu(CO)Cl(P i Pr 3 ) 2 with the corresponding diethynylbenzene in CH 2 Cl 2 in a stoichiometric ratio of slightly larger than 2:1. Upon addition of the alkyne the dark yellow solution of the hydride rapidly turned red, indicating formation of the vinyl complexes, and the reactions were complete within a few minutes. This short time is despite the rather intricate reaction mechanism, which, according to experimental and quantum-chemical studies conducted for the osmium analogue, includes adduct formation and the nonproductive formation of vinylidene complexes. 46 The pure products were obtained as intense red microcrystalline solids by evaporating the solvent and washing the residue with cold hexane to remove small quantities of excess hydride. Product identity was confirmed by 31 P NMR spectroscopy and the characteristic NMR resonance signals of the vinyl protons. These gave well-resolved doublet-of-triplet patterns with a large 3 J HH coupling constant of around 13 Hz, indicating formal cis addition of the Ru-H bond to the alkyne and smaller 3 J and 4 J couplings to the phosphine P atoms. Unlike their PPh 3 -substituted counterparts, complexes 2, despite being coordina- Chart 1 tively unsaturated, have only little propensity toward the addition of a sixth ligand. This is certainly due to the superior donor properties of the P i Pr 3 ligand as compared to those of PPh 3 and to the steric crowding. Higher electron density at the ruthenium despite coordinative unsaturation is evident from the position of the CO stretching band in the IR spectra. That band appears at ca. 1910 cm -1 for complexes m-2 and p-2, ca. 15-20 cm -1 lower than for the six-coordinated bis(triphenylphosphine) 4-picoline or bis(triphenylphosphine) 4-isonicotinate congeners. 33 Electrochemistry. In CH 2 Cl 2 /TBAPF 6 m-2 and p-2 undergo two consecutive, chemically and electrochemically reversible one-electron-oxidation processes ( Figure 1 , Table 1 ). This is in stark contrast to the case for five-coordinated PPh 3 -containing analogues, which give irreversible responses at ambient temperature and only limited chemical reversibility as the temperature is lowered to 195 K. Likewise, the half-wave potentials of m-2 and p-2 are shifted by 120 and 255 mV, respectively, toward more negative (cathodic) potentials in comparison to the half-wave potentials (195 K) of the PPh 3 -substituted species. The half-wave potentials of m-2 and p-2 are even somewhat lower than those of coordinatively saturated pyridine adducts with PPh 3 ligands. 47 Considering that the oxidation processes mainly involve the bridging ligand (vide infra), the redox potentials are, however, only an indirect probe of the electron densities at the metal atoms; rather, they track the electronreleasing properties of the {RuL 2 (CO)Cl} entities toward the divinylphenylene ligands.
For complexes of the general architecture {M}-bridge-{M} with redox-active transition-metal-based end groups {M}, the differences in half-wave potentials E 1/2 , ∆E 1/2 , are usually considered as reflecting a kind of electronic interaction (or communication) between the remote redox sites, with larger splittings as the intermetal interactions increase. The closely related isomeric diethynylphenylene-bridged diruthenium complexes {Cl(dppm) 2 Ru} 2 (µ-CtCC 6 H 4 -CtC-1,3 or -1,4) display ∆E 1/2 values of 190 and 300 mV, respectively. 48 Further instructive examples of such behavior are known from diethynylphenylene-bridged dinuclear complexes of iron 12,49 and osmium. 48 π-Conjugation is much more efficient for the para isomer, and the potential splitting for the latter is hence substantially larger than that for the meta form. A mutual relation between differences in E 1/2 and the degree of the electronic interaction between the metal sites has been corroborated by the determination of electronic coupling, as provided by the position and the shape of the intervalence charge transfer (IVCT) bands in the near-IR region (vide infra). 12, 48 Electrochemistry makes the different characteristics of the divinylphenylene-bridged complexes, as opposed to the bis-(ethynyl)phenylene-bridged counterparts, immediately apparent. In the former, the ∆E 1/2 value of the meta isomer slightly exceeds that of the para isomer (270 vs 250 mV). This counterintuitive result shows that a metal-based description as above does not apply to the divinylphenylene systems presented here. In complexes such as m-2 and p-2, the occupied frontier levels (redox orbitals) are dominated by the unsaturated ligands. 47 In this respect, it is quite revealing to compare the voltammetric responses of complexes 2 to those of purely organic phenylenevinylene compounds. Under the appropriate conditions, the latter are oxidized in sequential one-electron steps with potential separations of ca. 90-180 mV that resemble those observed for complexes 2. Oxidation potentials are lowered as the number of phenylenevinylene repeat units increases or as donor substituents are added. [50] [51] [52] The redox potentials of even heavily donor substituted phenylenevinylenes are, however, substantially more anodic (>0.6 V vs Fc/Fc + ) than those observed for complexes 2. When they are viewed in this manner, the {Ru(PR 3 ) 2 (CO)Cl(L)} entities act as powerful electron-donor substituents that even surpass common organic donor substituents such as dimethylamino or alkoxy groups. This view also agrees with the finding that the oxidation potentials of p-2, where the {(P i Pr 3 ) 2 (CO)ClRu} moieties are in direct conjugation with the divinylphenylene ligand, are distinctly lower than for m-2, where such conjugation is expected to be less efficient. The metal entities probably have higher contributions to the redox orbitals than more conventional organic donor substituents. The site of attachment, i.e., the vinyl rather than the phenyl groups, may also play a role.
UV/Vis/Near-IR Spectroelectrochemistry. Verification of bridge-dominated oxidation in the divinylphenylene-bridged dinuclear complexes stems from the changes in their electronic spectra upon oxidation. For metal-centered oxidation processes one expects a lowering of the intensities of metal-to-ligand charge transfer (MLCT) bands and the appearance of new absorptions corresponding to the transfer of charge from any donor ligand(s) to the now electron-deficient metal center (LMCT). If, however, the oxidation involves the bridging ligand, any new absorption generated in the oxidation process should be more of a π f π* parentage and closely resemble the absorptions observed for similar, purely organic congeners. This is indeed the case here as follows from UV/vis/near-IR spectroelectrochemistry (see Figure 2) . The orange-red color of the neutral starting compounds arises from transitions at 492 (p-2) or 513 nm (m-2) that involve an excitation mainly from the bridging ligand to orbitals that are delocalized over the metal and the phosphine ligands and are thus assigned as mixed LLCT/ LMCT transitions (vide infra). Upon sequential oxidation inside an optically transparent thin layer electrolysis (OTTLE) cell, 53 this band is gradually replaced by a structured, more intense feature with the main peak at a slightly higher energy (see Figure  2 ). Another band with easily discernible vibrational progression grows in at ca. 1260 nm (see footnotes b and e of Table 2 ). In both cases there are two isosbestic points for the conversions of the neutral to the monocationic forms at 302 and 414 nm for p-2 and at 295 and 398 nm for the oxidation of the meta isomer m-2. While the overall spectral patterns are very similar, irrespective of the complexes' topology, we note the significantly larger band intensities for the para form as opposed to those for the meta isomer. The new absorptions in the optical and the near-infrared (near-IR) spectra resemble the lower energy absorptions of the radical anions (or cations) of 1,2-diphenylethylene and 1,4-distyrylbenzene, which are commonly referred to as the A 1 and A 2 or C 1 and C 2 bands, respectively. These organic radical cations and anions have been thoroughly investigated as models of the polarons that exist in the charged states of conducting polymers based on oligo-and poly-(phenylenevinylene) (OPV, PPV). 51,54-58 Vibrational spacings of ca. 1600 cm -1 for the higher energy band and of 1420 and 1165 cm -1 for the lower energy band have been observed for m-2 + and p-2 + (see footnotes b and e of Table 2 ), and these are again similar to those observed for OPV radical cations and anions. 55, 56 It is interesting to note that these bands appear at energies somewhat higher (higher energy band) or very similar to (lower energy band) those for the radical anion derived from diphenylethene (E op ) 15 727 and 8307 cm -1 ). The similarities in both band shape and positions argue for a predominantly ligand-centered oxidation in the case of the P i Pr 3 -containing diruthenium complexes m-2 and p-2.
Further conversion from the mono-to the dioxidized forms also led to distinct changes in the electronic spectra. As is depicted in Figure 3 , the vibrationally structured bands in the visible and near-IR regions disappear while new, unstructured bands at 396 and 626 nm (m-2 2+ ) or at 430 and 624 nm (p-2 2+ ) grow in. There are again clean isosbestic points at 347, 1006, and 1393 cm -1 (m-2 + f m-2 2+ ), and at 318, 383, 466, and 860 nm (p-2 + f p-2 2+ ). The band around 625 nm is similar for both isomers in terms of position and intensity; it accounts for the intense blue color of the dications. In contrast, there are profound differences between the two isomers with regard to the band at higher energy. This band becomes the dominant absorption in the visible region for m-2 2+ but is only of low intensity in the case of p-2 2+ . Again we note similarities of the optical spectra from the dications m-2 2+ and p-2 2+ with those of the purely organic counterparts. Thus, the dioxidized form of the 2,5-distyrylthiophene dication absorbs at 511 nm, while maxima at 512 and 700 nm in heavily doped poly(phenylenevinylene) serve as a benchmark for highly delocalized divinylphenylene-or distyrylbenzene-derived dications. 55, 56 IR Spectroelectrochemistry. We next sought to probe the extent of the metal contribution to the SOMO by means of IR spectroelectrochemistry. Owing to the prototypical π-acid properties of the carbonyl ligand, the redox-induced CO stretching band shifts faithfully mirror the electron density changes at the metal. As an additional feature, IR spectroscopy of dinuclear carbonyl complexes also provides a convenient means to probe the intrinsic charge and valence delocalization: i.e., identity (symmetry) or nonidentity (asymmetry) of the bridged metal sites. The stronger the electronic coupling between the carbonyl bearing metal entities, the more the CO band positions of each subunit in the mixed-valent state will deviate from the position in a related mononuclear complex (in the respective redox state) and the more closely the CO energies of the individual subunits will resemble each other.
Sequential oxidation of m-2 in an OTTLE cell first led to the replacement of the single band of the neutral form at 1910 cm -1 by two equally intense features at 1915 and 1971 cm -1 (Figure 4a ). At the same time, the HCdCH stretching bands of the divinylphenylene bridge shift from 1577 and 1554 cm -1 to 1523 cm -1 , along with a significant gain in intensity. Upon the second oxidation, the two CO bands of m-2 + merge into a single band at 1983 cm -1 , again with a clean isosbestic point ( Figure  4b ).
When p-2 was oxidized to the monocation, the original CO stretching band at 1910 cm -1 was gradually replaced by a structured band with an apparent maximum at 1932 cm -1 and (53) additional high-and low-energy shoulders (Figure 5a ). Spectral deconvolution placed the individual peaks at 1915, 1932, and 1942 cm -1 , while indicating that the shoulders are associated with band half-widths and areas larger than for the 1932 cm -1 feature. Solutions prepared by quantitative coulometry in a conventional bulk electrolysis cell displayed an identical band pattern (Figue S2, vide infra). The overall band shape thus points to the presence of two coexisting species in solution. As a possible explanation, we invoke two distinct rotamers that differ with respect to the orientation of the {Ru(CO)Cl} subunits: i.e., a cisoid or transoid arrangement of the carbonyl groups (see Chart 2). DFT calculations indicate that both these rotamers correspond to minima on the potential energy surface with only a small energy difference between them. 59 The three-band pattern may then arise form an overlap between two pairs of bands for the different rotamers or from that of a two-band pattern for the major isomer and a single-band pattern for the minor isomer. 60 As the oxidation proceeds, the weak HCdCH bands of p-2 at 1573 and 1561 cm -1 give way to much stronger absorptions at 1519, 1503, and 1481 cm -1 of p-2 + . During the second anodic step the band(s) of the monocation are replaced by just one CO band for the fully oxidized dication p-2 2+ , which is now located at 1991 cm -1 (Figure 5b ). The energy of the HCdCH/PhCdC bands decreased further such that they were shifted to a range where the NBu 4 + cation of the supporting electrolyte absorbs strongly. It was thus impossible to determine the peak position of these bands for p-2 2+ from IR spectroelectrochemistry.
(59) The calculated energies represent gas-phase values. Relative energies of both rotamers will be different in solution, owing to the differences in the dipole moments (none for the transoid and ca. 3.19 D for the cisoid conformation of m-2). A polar environment is thus expected to even decrease the energy difference between these rotamers.
(60) One should note that any dinuclear complex featuring two monocarbonylmetal entities should give rise to two nondegenerate CO bands representing the symmetrical and antisymmetrical combinations of the individual M-CO stretches. Calculated IR spectra for the two rotamers of m-2 and p-2 in any of its oxidation states consequently give two closely spaced bands with separations in the range of some 4-10 cm -1 for each pair of bands. Only one band is, however, experimentally observed for both neutral and dioxidized forms. Obviously broadening due to solute/solvent interactions and rotational averaging reduces the band splitting beyond recognition. The calculated larger CO band energy difference for m-2 2+ nevertheless agrees nicely with the notably large CO bandwidth of this dication observed in our experiments. Three points are of special interest. (i) The overall CO band shift upon twofold oxidation of complexes m-2 (73 cm -1 ) and p-2 (71 cm -1 ) is consistently larger than that of the {(PPh 3 ) 2 (CO)Cl(pyR)Ru} 2 (µ-HCd CHC 6 H 4 CHdCH) counterparts (ca. 45 cm -1 ). This attests to higher contribution from the ruthenium entities to the redox orbitals of m-2 n+ and p-2 n+ , owing to the higher d-orbital energies in the more electron rich P i Pr 3 -containing complexes. The larger CO band shift upon oxidation may, however, also rely on the absence of the pyridine ligand, which, as the only weak π-acceptor, can serve to buffer the loss of electron density at the metal in the six-coordinated congeners. There are indeed small, yet clearly notable shifts of the ester bands of the isonicotinate ligands (R ) COOEt) for the PPh 3 -derived complexes.
(ii) The average shifts of the CO stretching bands for the first oxidation step are consistently smaller than those for the second oxidation process. With an average value of 33 cm -1 for the first and of 40 cm -1 for the second oxidation step, the difference is only moderate for m-2. For p-2, however, the average shift difference is much more pronounced at ca. 20 cm -1 as opposed to 60 cm -1 . This may indicate that the metal contribution to the respective frontier orbital increases with the overall oxidation state, especially for the para isomer. In fact, DFT calculations indicate that the metal contribution to the redox orbital increases from 25% to 31% when going from p-2 to p-2 2+ .
(iii) Two widely spaced CO stretching bands are present for the monocation m-2 + (∆ν ) 56 cm -1 ), the one at lower energy being only slightly shifted from the position in m-2 and the one at higher energy being moderately shifted from that of m-2 2+ , and two more closely spaced absorptions for the major form of p-2 + (∆ν ) 27 cm -1 ), indicating that these isomers differ significantly with respect to the charge distribution across the metal sites. We note here that the relative shifts of the CO bands in the mixed-valent form in comparison to the neighboring homovalent states provide the charge distribution parameter ∆F, which constitutes a quantitative measure for the extent of valence delocalization. 61, 62 The latter is defined as where ν′(ox) and ν′(red) denote the CO stretching wavenumbers of the fully oxidized and the fully reduced forms while ∆ν ox and ∆ν red are the energy differences between the band positions of the fully oxidized species and the higher energy band of the monooxidized form and between the lower energy band of the intermediate and that of the fully reduced form, respectively. 61, 62 The ∆F parameter is expected to increase with increasing metal-metal interactions in the mixed-valent state, approaching values of 0.5 in the completely delocalized case (class III) and a value of 0.0 in the completely localized limit (class I). This model works under the premise that the metal contribution to the corresponding frontier orbitals remains constant throughout the oxidation processes under consideration, which may not necessarily be the case here. A ∆F value of 0.12 was calculated for m-2 + , whereas that of 0.31 for p-2 + is significantly larger. The latter value was derived under the assumption that the outermost features of the composite CO band belong to the same species. In other words, the charge is more evenly spread across the entire dimetal-divinylphenylene unit in p-2 + but is distinctly localized on half of the molecule in m-2 + . This finding is consistent with what is known from phenylenevinylene-derived polarons. While in the para-linked oligomers charge and spin are delocalized over rather long distances, 56,63,64 the meta isomers tend to have localized charge and spin on just one styryl unit. 64 ESR Spectroscopy. ESR spectroscopy constitutes a highly sensitive method in order to elucidate the metal versus (organic) ligand contributions to the SOMO of paramagnetic species. Such information can be obtained from the isotropic g values, from the g-tensor anisotropy measured in glassy frozen solutions or solid samples, and from the hyperfine coupling, either to the metal atom(s) or to other ESR-active nuclei of coordinated ligands. With ruthenium as the metal, the situation is far from ideal: rapid relaxation often renders Ru(III) species ESR silent in fluid solution, and hyperfine splitting to 101 (1) ingly, both m-2 + and p-2 + exhibit resolved hyperfine splitting to the vinyl protons and to the ruthenium nuclei. Experimental spectra were well reproduced by simulations when three different coupling parameters were applied: one for the vinylic protons at the metal-bonded carbon atom, one for the protons at the vinylic carbon atom which connects to the central phenylene unit, and one for two equivalent ruthenium nuclei. Figure 6a compares the experimental and simulated spectra of p-2 + . Spectra recorded in glassy frozen solution display only a single broad resonance line without discernible g anisotropy at X-band frequency (9.5 GHz). A certain contribution from the ruthenium atoms to the SOMO is nevertheless indicated by the relatively high isotropic g values in fluid solution and in frozen samples (see Table 2 ). Organic ligand-centered radicals are characterized by g values close to that of the free electron at 2.0023. The deviations observed for m-2 + and p-2 + from this value are therefore indicative of nonnegligible metal contribution to the SOMO. We also note that g iso values of m-2 + and p-2 + are slightly larger than the value of 2.020 measured for (E,E)-[{(PPh 3 )(CO)(Cl)(4-EtOOCpy)Ru} 2 (µ-CHdCH-C 6 H 4 CHdCH-1,3)], again in line with some larger metal contribution for the P i Pr 3 -substituted congeners. Our results thus point to an essentially ligand-centered oxidation and a +II oxidation state for the ruthenium atoms for m-2 + and p-2 + . Apart from being ESR silent in fluid solution, organometallic paramagnetic Ru(III) species usually display much larger g value anisotropies in their frozen-solution spectra and substantially larger deviations of the isotropic g value from that of the free electron. Typical examples are the alkynyl complexes [(Me 2 bipy)(PPh 3 ) 2 ClRu(CtCR)] + 65 and allenylidene complexes [Cl(dppm) 2 Ru{dCdCdC(NRR′)-(but-3-enyl)] 2+ , 34 where the g iso values range from 2.127 to 2.170 with g value anisotropies larger than 0.5. One finding deserves further mention here. While the radical cation m-2 + of the meta isomer is clearly unsymmetrical on the vibrational time scale of 1 × 10 -11 to 1 × 10 -12 s, it appears to be symmetrical on the slower ESR time scale of 1 × 10 -9 to 1 × 10 -8 s. In fact, solution ESR spectra of m-2 + (see Figure   S1 of the Supporting Information) and p-2 + are nearly superimposable, with only slightly different hyperfine coupling constants. This parallels the phenomenon of time-dependent valence detrapping, where the assignment of a mixed-valent system as either fully delocalized class III or localized class II depends on the time scale of the experiment. 62, 66, 67 In mixedvalent chemistry, such behavior is typical of systems that are close to the interesting borderline between these two regimes. 68, 69 In the case of m-2 + , however, it may indicate a time-dependent localization of charge and spin on predominantly one styryl subunit or delocalization over both styryl subunits.
Quantitative Coulometry. Spectroelectrochemistry allows us to simultaneously generate and spectroscopically investigate oxidized or reduced forms associated with a redox-active compound. It is an important merit of this in situ approach that it may extend the detection limits to quite reactive oxidized or reduced species that might otherwise escape detection under the conditions of conventional bulk electrolysis. 70, 71 There is, however, the possibility that chemically reversible behavior in spectroelectrochemical experiments conceals some intricate chemistry following electron transfer. As long as the overall chemical reversibility is maintained upon completing a full oxidation/reduction cycle and redox-induced interconversions are fast, chemical processes such as redox-induced isomerizations 72 may well go unnoticed under the conditions of spectroelectrochemistry.
To confirm the results obtained for m-2 and p-2, we supplemented the spectroelectrochemical studies conducted within the OTTLE cell (UV/vis/near-IR, IR) or via in situ ESR spectroscopy by bulk electrolyses inside a conventional electrolysis cell. In each case, the working potential was adjusted to about 150 mV positive to the half-wave potential of the first anodic wave, and electrolysis was continued until the current had dropped to about 2% of the initial value. At this stage close to 1 faraday/mol of charge had been transferred, in accordance with the proposed one-electron nature of each redox wave. During electrolysis the color of the originally orange-red solutions intensified to deep green (m-2 + ) or intense purple (p-2 + ). Voltammograms recorded after the first oxidation step are complementary to those of the nonoxidized forms, except for the observation that the wave at lower potential now appeared as a reduction wave. Close comparison revealed the presence of an additional couple at a potential higher than that of any of the original analyte waves. The associated peak currents are, however, small and increase just slightly upon repetition of a full reduction/reoxidation cycle. This indicates that the singly oxidized forms are rather stable in solution at ambient temperature, even on the extended time scale (ca. 30 min) of bulk electrolyses. Samples were removed from the working electrode compartment after monooxidation was completed and their IR, UV/vis/near-IR, and ESR spectra recorded. The obtained spectra were essentially identical with those observed under the conditions of spectroelectrochemistry (see Figures S2 and S3 in the Supporting Information). When we then performed the second oxidation, the color of the solution rapidly changed to deep blue and optical spectra recorded at this point showed the 625 nm absorption peak of the dioxidized forms. When electrolyses were continued, the color gradually faded and decomposition was indicated by the disappearance of the initial redox waves. The fully oxidized solutions displayed a single anodic wave which is identical with that observed as a minor constituent after the first oxidation step. Samples taken from the decomposed oxidized solution did not show any significant absorption in the carbonyl stretching region of the IR spectrum. This is highly suggestive of a decarbonylation or demetalation process underlying the decomposition. While our bulk electrolysis studies thus confirm the one-electron nature of each voltammetric wave and the results obtained in the spectroelectrochemical investigations, they also demonstrate the superior performance of the in situ approach when reactive redox congeners are involved.
Quantum-Chemical Calculations. Quantum-chemical calculations based on density functional (DFT) methods (see Experimental Section) were performed in order to address the issues of (i) comparing the electronic structures of the meta and para isomers, (ii) assessing the geometrical structures and the degree of torsion around the metal-vinyl and central phenylene units, (iii) probing the effect of coordinative unsaturation of the metal as opposed to the case for the six-coordinate pyridine adducts, especially with respect to the LUMO and LUMO+1 levels, (iv) comparing the calculated and experimental spectroscopic parameters for these derivatives at their various oxidation levels, and (v) probing the oxidation-state-dependent metal contribution to the frontier orbitals, as was suggested by the varying CO band shifts in IR spectroelectrochemistry. For the sake of reducing the computational effort, the actual systems were simplified by replacing the P i Pr 3 ligands by PMe 3 . These model systems are denoted as m-2 Me and p-2 Me , respectively.
Figures 7 and 8 provide the MO schemes of m-2 Me and p-2 Me in the frontier orbital region along with contour plots of the most important orbitals, while the contributions of the individual constituents to the respective orbitals as based on a Mulliken analysis are given in Tables S1 and S2 in the Supporting Information. As is evident from these figures and tables, the isomers closely resemble each other with respect to the composition of the frontier orbitals that are relevant for their optical and electrochemical properties. The HOMO and HOMO-1 levels have large contributions from the π 3 levels of the divinylphenylene ligand interacting with the appropriate combination of d orbitals at the metal atoms. In the case of m-2 Me , the HOMO and HOMO-1 orbitals are nearly degenerate, with an energy gap of just 0.22 eV. In contrast, the separation of these levels is 0.97 eV for p-2 Me . Below is an again nearly isoenergetic set derived from the symmetrical and antisymmetrical combinations of {Ru(CO)Cl}-based orbitals with only very little contribution from the bridge. Despite the vacancy of the sixth coordination site, the unoccupied frontier orbitals, LUMO and LUMO+1, are still very much centered on the metal end groups and are of a mainly Ru/phosphine parentage. The LUMO+2 essentially is a π-level of the divinylphenylene bridge with only minor contributions from the ruthenium moieties.
Geometry optimizations of the m-2 Me and p-2 Me model complexes in their various oxidation states reveal the impact of the redox processes on the structures. Table 3 gives the important bond parameters calculated for neutral systems. Related five-coordinated mononuclear styryl or vinyl complexes [73] [74] [75] [76] [77] [78] may serve as points of comparison for the neutral forms. The overall agreement between the calculated and experimental values for the vinyl complexes containing {M(CO)Cl(PR 3 ) 2 } is quite good. The corresponding parameters of the meta divinylphenylene ligand are best compared with those of the trivinylphenylene-bridged diruthenium complex [{(Ph 3 P) 2 (py)(CO)ClRu} 3 (µ-HCdCH) 3 C 6 H 3 -1,3,5] reported by Jia and co-workers. 79 The latter, however, contains sixcoordinate metal centers. We also note the close agreement with respect to the dihedral angles between the central benzene ring and the vinyl groups of m-2 (calculated value, 13°; experimental values, 13.3-15.0°). 79 The calculated dihedral angle for p-2 Me approaches 0°. Upon sequential oxidation we note a stepwise shortening of the Ru-C (average ∆r(Ru-C) ≈ 0.07 Å) and C Ph -C vinyl bonds (∆r ≈ 0.03 Å) and a concomitant lengthening of the former vinylic CdC bonds (∆r ≈ 0.03 Å) for each oxidation step (see Tables S3 and S4 in the Supporting  Information) . This agrees well with the observed red shift of ν CdC in IR spectroelectrochemistry. There is also some quinoidal distortion of the central phenylene ring that increases with the overall oxidation state. Similar observations have been made for the mono-and dioxidized forms of tetraphenylethenes 80, 81 and for the various reduced forms of m-and p-phenylenevinylenes. 64 Note that in these latter systems oxidation and reduction have very similar effects on the structural and spectroscopic properties. 55, 57, 58, 63, 82 Other structural changes of the Ru(CO)Cl(PMe 3 ) 2 moiety upon oxidation consist of a slight lengthening of the Ru-P bonds and a shortening of the Ru-Cl bonds, indicating the loss of some electron density from the metal. Alterations of these parameters are, however, considerably smaller than one would expect for the loss of a full unit charge from the metal. [83] [84] [85] All of these data, along with the overall composition of the HOMO and HOMO-1 orbitals, point to a strong involvement of the divinylphenylene bridge in the oxidation processes. Electron density difference plots for the 0/+ states (+/2+ density difference plots are similar), as are depicted in Figure S4 in the Supporting Information, nicely confirm these findings and are strongly supportive of our experimental results. They show that the loss of electron density from the organic π-system (40.7% for the first and 28.0% for the second oxidation of m-2, 38.2% for the first and 27.6% for the second oxidation of p-2) largely outweighs that of the ruthenium centers (13.3 and 9.5% for m-2, 11.3 and 10.6% for p-2) for both oxidation steps, regardless of the topology of the bridge. We also note that the DFT calculations predict that the doubly oxidized para isomer possesses a singlet ground state with the triplet state lying ca. 0.5 eV higher in energy. In contrast to this, the meta isomer has a triplet ground state with an energy difference to the higher lying singlet state of 0.15 eV.
Spectroscopic parameters were calculated for the p-2 Me and m-2 Me models of the P i Pr 3 complexes in their various oxidation states. Table 4 lists the calculated stretching frequencies for both compounds in their most stable transoid forms, i.e. the form with the chloro and carbonyl ligands at opposite sides, for all oxidation states. Preliminary calculations indicate that differences in the cisoid forms are negligibly small. As for the ν CO values, the calculations reproduce the overall behavior of the CO bands rather well in that they predict a stepwise shift to higher energies as the oxidation state increases. One should note here that two CO bands are calculated for each isomer in every oxidation state. They correspond to the symmetrical (ν 1 ) and the antisymmetrical (ν 2 ) combinations of the CO stretching vibrations, which are obviously nondegenerate. The ν 1 and ν 2 frequencies are rather close and are probably not resolved in solution. The presence of various conformers in solution owing to rotation of the {Ru(P i Pr 3 ) 2 (CO)Cl} entities around the Ruvinyl bonds may also contribute to some broadening of the CO bands. Our observation of just one band in the neutral forms and the dications is therefore still compatible with the computational results. A major discrepancy between calculated and experimental data, however, arises in the case of m-2 + . Quantum chemistry gives ν 1 and ν 2 , which differ by just about 10 cm -1 , practically the same value as for the dication. This implies a symmetrical structure of the radical with electronically equivalent {Ru(CO)Cl(PR 3 ) 2 (vinyl)} moieties, in stark contrast to the experimental results. The much larger separation observed by IR spectroelectrochemistry indicates two rather distinct metal moieties, one of them resembling the reduced state and the other the fully oxidized state. This inherent unsymmetry of the radical cation m-2 + is thus not adequately reproduced by the present calculations. Considering the well-known preference of the DFT method for symmetrical structures and electron distributions, this result is not wholly unexpected. It also suggests that the calculated structural parameters of m-2 + are more or less the average of distinct and dissimilar halves of the molecule. We are going to address this issue by applying the broken symmetry approach. In agreement with experiment, the calculations also predict a stronger overall effect on the CO band shift for the second oxidation and nicely reproduce the shift of the HCdCH band upon sequential oxidation. Atom displacements that accompany this vibration have been calculated and are shown in Figure S5 in the Supporting Information. They clearly prove a combined HCdCH stretch and dCH bend origin of this fundamental.
ESR parameters calculated for the monooxidized forms of m-2 + and p-2 + also agree reasonably with the experimental values (Table 2) , especially with regard to a small g anisotropy. ADF/BP calculations, including spin-orbit coupling, give the isotropic g value g iso ) 2.039 and a splitting of the g tensor with g 1 ) 2.069, g 2 ) 2.034, and g 3 ) 2.016 for m-2 Me+ and g iso ) 2.029 and g 1 ) 2.050, g 2 ) 2.026, and g 3 ) 2.014 for p-2 Me . We note again the significant deviation of the g values from that of the free electron. This finding provides direct evidence for some metal contribution to the SOMO, as is also borne out by the observed carbonyl shifts and the calculated compositions of the SOMO orbitals.
While time-dependent DFT (TD DFT) calculations on the open-shell systems m-2 + and p-2 + are currently being pursued, we restrict ourselves to the assignment of the optical transitions observed for the neutral forms. Arrows in Figures 7 and 8 indicate the main contributions to the lowest allowed TD DFT calculated transitions for neutral p-2 Me and m-2 Me systems. TD DFT calculations on the model complexes predict weak transitions in the visible region at slightly lower energies than observed (Tables S5 and S6 in the Supporting Information). According to the calculations, this transition involves the set of the closely spaced HOMO/HOMO-1 and LUMO/LUMO+1 levels (c 1 A in Figures 7, 8) . Considering the composition of these orbitals, the transition may be described as a mixed bridging ligand-to-metal (LMCT) and bridging ligand-tophosphine (LLCT) electron transfer band. A transition at higher energies which is only visible as a shoulder in the experimental spectra has d-d character (d 1 A in Figures 7, 8) , while the most intense absorption in the near-UV region can be interpreted as a π f π* transition within the extended delocalized chromophore (i 1 A in Figures 7, 8) . TD DFT calculations on closed shell dication p-2 2+ indicate a red shift of the low-energy transition, in agreement with experiment.
Observation of a Low-Energy Electronic Band for m-2 + . When monitoring the spectroscopic changes of vibrational spectra over an extended energy range, we observed the reversible growth (m-2 f m-2 + ; see Figure 9 ) and disappearance (m-2 + f m-2 2+ ; see Figure S6 in the Supporting Information) of a broad absorption covering the entire range from 7500 to 2000 cm -1 . The overall band shape was best reproduced by invoking three overlapping bands at ca. 6550, 4300, and 2950 cm -1 with half-widths of 2600, 2100, and 1100 cm -1 , respectively. Considerable noise in the experimental spectrum, however, limits the accuracy of the absolute values.
Electronic absorption bands in this energy range are a typical feature of weakly coupled mixed-valent systems where two or more identical or similar redox sites are present in formally different oxidation states. Similar bands have on occasion also been observed for unsymmetrical complexes that combine redox-active metals and "noninnocent ligands" with similar redox potentials as the metal ions. Such bands have either ligandto-metal (LMCT) or metal-to-ligand (MLCT) character, depending on which of the two possible states, oxidized metal/reduced ligand or reduced metal/oxidized ligand, is energetically more favorable. [86] [87] [88] These bands are conceptually important, in that they provide the electronic coupling parameter H MM or H LM , respectively, on the basis of the Hush model. [89] [90] [91] [92] Figure 9. IR spectra recorded during the stepwise oxidation of m-2 to m-2 + on an extended energy scale.
